The goal of our study was to provide comprehensive data on the worldwide human papillomavirus (HPV) genotype distribution in patients with invasive cervical adenocarcinoma in correlation with histologic tumor subtypes, geographical location, patients' age, and duration of sample storage. Paraffin-embedded samples of 760 cervical adenocarcinoma cases were collected worldwide. A three-level pathology review of cases was performed to obtain consensus histologic diagnoses and 682 cases were determined to be eligible for further analysis. HPV DNA detection and genotyping was performed using SPF-10/DEIA/LiPA 25 system (version 1). Classic cervical adenocarcinoma accounted for 83.1% of cases, while rare histological variants accounted for a few percent of cases individually. HPV positivity varied significantly between the different histologic tumor subtypes. Classic cervical adenocarcinoma showed high HPV positivity (71.8%), while other adenocarcinoma types had significantly lower HPV prevalence (endometrioid 27.3%, serous 25%, clear cell 20%, not otherwise specified 13.9%, and minimal deviation 8.3%). In all, 91.8% of HPV-positive tumors showed the presence of a single viral type and in 7% of cases multiple viral types were detected. Three HPV genotypes, HPV 16, 18, and 45, dominated in all adenocarcinomas and together accounted for 94.1% of HPV-positive tumors. HPV16 was the most common and found in 50.9% of HPV-positive cases, followed by HPV18 (31.6%) and HPV45 (11.6%). HPV prevalence varied depending on geographical region, patient age, and sample storage time. Tumors from older patients and tumor samples with longer storage time showed lower HPV prevalence. Our results indicate that HPV vaccines may prevent up to 82.5% (HPV16/18) and up to 95.3% (9-valent vaccine) of HPV-positive cervical adenocarcinomas, mostly the classic type. HPV testing and vaccination will not provide full coverage for a very small subset of classical adenocarcinomas and most of the rare tumor variants such as clear cell, serous, endometrioid, and minimal deviation. 
With the introduction of human papillomavirus (HPV) vaccines the prevention of cervical cancer entered a new stage. Currently approved vaccines targeting two oncogenic HPV types, HPV 16 and HPV 18, are hoped to prevent at least 70% cases of cervical cancer. Besides cross-protection over the existing vaccines the work on new vaccines is on-going with the goal to expand vaccine coverage to other viral types. With this aim in sight, the information about individual HPV genotypes responsible for malignant transformation of cervical mucosa has pertinent, practical significance. Our recent study of 10 575 cases of invasive cervical cancer carried out at the Catalan Institute of Oncology 1 was the largest assessment of HPV genotypes to date. HPV typing of cancer cases has identified most common genotypes as HPV16, 18, 31, 33, 35, 45, 52, and 58, and it has been recommended that these types should be given priority when the cross-protective effects of current vaccines are assessed, and that they should be considered in the second generation of polyvalent HPV vaccines. The same study revealed that in contrast to squamous cell carcinomas in which HPV was detected in 87% of cases, only 62% of adenocarcinomas were found to be HPV positive. Given this high rate of HPV negativity in adenocarcinomas we decided to conduct a substudy to elucidate the potential reasons for this finding. One of the possible explanations was that HPV negativity could be due to misclassification of cases submitted by contributing institutions, for example, inclusion of endometrial cancers with secondary cervical involvement or tumors metastatic to the cervix. In addition, some of the histological subtypes of cervical adenocarcinomas have been previously reported as not related to HPV infection. The relative contribution of such cases was unknown since detailed histopathologic review was not performed.
To get better understanding of the role of HPV infection in pathogenesis of cervical adenocarcinoma, we performed a three-level pathology review of all adenocarcinoma cases to obtain consensus histologic diagnoses. We then correlated the results of HPV detection with the consensus histologic diagnoses, patients' age, duration of sample storage, and geographical location.
Materials and methods

Case Accrual
A retrospective cross-sectional study was designed and coordinated by the Institut Català d'Oncologia, (ICO) Barcelona, Spain, and DDL Diagnostic Laboratory (DDL), Rijswijk, The Netherlands, to evaluate the distribution of HPV types in women with invasive cervical cancer diagnosed from 1940 to 2009. 1 The specimens for the overall cervical cancer series were obtained from hospital pathology archives in 38 countries-Europe (Bosnia-Herzegovina, Croatia, Czech Republic, France, Greece, Italy, The Netherlands, Poland, Portugal, and Spain); North America (USA); Latin America (Argentina, Brazil, Chile, Colombia, Guatemala, Honduras, Mexico, Paraguay, Peru, and Venezuela); Africa (Algeria, Mozambique, Nigeria, and Uganda); Asia (Bangladesh, China, India, Israel, Japan, South Korea, Kuwait, Lebanon, Philippines, Taiwan, Thailand, and Turkey); and Oceania (Australia).
From the global study including 10575 invasive cervical cancer cases, 760 paraffin-embedded tumor samples from consecutive cases of cervical adenocarcinoma were obtained. Additionally, information about age at diagnosis, year of diagnosis, and original histological diagnosis was received from the participating centers. For each case, we received one most representative paraffin-embedded tissue block from the tumor. Paraffin blocks were processed under strict conditions to avoid contamination. Four paraffin sections were systematically obtained from each block using a sandwich method. First and fourth sections were used for histopathological assessment after hematoxylin and eosin staining, and the second and third sections were used for HPV DNA detection and genotyping. All protocols were approved by the local and ICO ethics committees, and the entire study progress was overseen by an International Steering Committee.
Histopathologic Review of Adenocarcinomas
All pathology evaluations were performed based on the hematoxylin-eosin stained slides obtained from the paraffin blocks. The cases were subclassified according to a simplified scheme of WHO adenocarcinoma classification (Table 1) . 2 This simplified classification was developed as a tool for enhanced reproducibility of pathologic diagnosis in multicenter studies of cervical adenocarcinoma. 3 All adenocarcinoma cases were first reviewed by three ICO pathologists: OC, BLL, and MA and then independently by DDL-associated pathologist, ECP. The reviews were blinded between the institutions and blinded to the results of HPV testing. Cases with discrepant diagnoses were re-assessed and re-classified in a consensus review by BLL and ECP. In this multistep histopathologic review, the final diagnoses for the cases were established.
HPV Detection and Typing
Cases were analyzed at the ICO and DDL HPV laboratories for the presence of HPV DNA. HPV DNA detection was done using PCR with SPF-10 broad-spectrum primers followed by DNA enzyme immunoassay. Genotyping was performed with a reverse hybridization line probe assay, LiPA 25 (version 1, Laboratory Biomedical Products, Rijswijk, The Netherlands). LiPA 25 enables simultaneous detection of individual 25 high-risk and lowrisk HPV types (6, 11, 16, 18, 31, 33, 34, 35, 39, 40, 42, 43, 44, 45 , 51, 52, 53, 54, 56, 58, 59, 66, 68, 70, and 74). The exact assay conditions were described previously. 1 
Statistical Analysis
HPV DNA proportions and 95% confidence intervals were determined for the different histologies, geographical regions, age at diagnosis, and year of diagnosis. Unconditional logistic regression analysis was used to evaluate HPV negativity among classic cervical adenocarcinomas for a given variable, taking into account other relevant variables, and squamous cell carcinomas as a comparison group (from the same study). The best fitting model was selected based on the log-likelihood ratio test. We have selected only the classic cervical adenocarcinomas because it is the most clear HPVassociated cervical adenocarcinoma subtype and to eliminate any noise in the modeling process and results derived from including other less frequent and probably not HPV-related histological subtypes.
HPV type distribution was estimated among HPV DNA-positive cases and adding multiple infections to single types by using a weighting algorithm previously described. 1 Statistical significance for all analysis was set at the two-sided 0.05 level. Data analyses were performed with the Statistical Package for the Social Sciences (SPSS) version 13.0 (SPSS Inc., Chicago, IL, USA) and with STATA version 10.0 (Stata Corporation, Computing Resource Center, College Station, TX, USA).
Results
A total of 760 cases of cervical adenocarcinoma were obtained from the participating institutions. 1 Following the multistep consensus histologic review 682 cases were subclassified according to the simplified adenocarcinoma classification (Table 1) , while 78 cases were excluded as not eligible for the study (10.3%). From these excluded cases, 33.3% were classified as non-adenocarcinomas, 29.5% were adenocarcinomas of non-cervical origin, and the rest were not evaluated due to non-available material. Among the finally included cases, classic adenocarcinomas accounted for 83.1% of cases, while rare histological variants accounted for a few percent of cases individually ( Table 2) .
HPV positivity varied significantly between the different histologic tumor subtypes. Classic adenocarcinomas showed 71.8% HPV positivity (Table 3) , while other adenocarcinoma tumor types showed low prevalence of HPV. HPV was detected in 27.3% of endometrioid adenocarcinoma, 25% of serous, 20% of clear cell, 13.9% of not otherwise specified, and 8.3% in minimal deviation adenocarcinomas. In all, 91.8% of HPV-positive tumors showed the presence of a single viral type and in 7% of cases multiple viral types were detected. Unknown HPV type was encountered in 1.2% of cases (Table 3) .
The average age of the patients with classic adenocarcinoma was 50.5 years (Table 4) . Patients with the diagnosis of serous and not otherwise specified were on average a decade older. The youngest patient (16 years) was recorded in the clear cell group. Patients with HPV-positive tumors were on average younger than patients with HPVnegative tumors; however, this difference was statistically significant only for classic adenocarcinomas and did not reach statistical significance in other tumor subtypes probably due to small number of cases.
We have analyzed HPV-negative classic adenocarcinoma cases in more detail (Table 5) . When stratified by continent of origin, HPV negativity ranged from 1/4 to 1/3 of cases in all continents (from 25.1% in Asia to 32.8% in Africa, adjusted values), with exception of North American cases which showed 8.9% HPV negativity. However, there were only 10 cases in this group and therefore the difference did not reach statistical significance. The duration of tissue storage had a statistically significant impact on HPV detection (P-trend value ¼ 0.004). Cases from the last 30 years showed HPV negativity ranging from 22.2 to 26.8%, however, older cases had significantly lower HPV detection rate, with HPV negativity exceeding 50% in cases stored for 460 years. Age of the patients at the time of the diagnosis was another variable showing direct correlation with HPV negativity (Table 5) , further corroborating age data presented in Table 4 . Among patients aged 40-49 years only 17.5% tumors were HPV-negative; but the negativity increased to 31.7% among patients aged 50-59 years and to 43.1% in patients over 60 years old (P-trend valueo0.001). A group of 9486 squamous cell carcinomas obtained from the same institutions was used for comparison. The overall detection of HPV in squamous cell carcinomas was higher than in adenocarcinoma, 87.0 vs 71.8%, respectively. HPV negativity was higher in squamous cell carcinomas originating from Latin America and Africa, in cases stored for 40-50 years, and in patients older than 60 years old (Table 5) , paralleling the trend seen in adenocarcinomas. Table 6 shows HPV genotype distribution in adenocarcinomas by histologic subtype. Three HPV genotypes, HPVs 16, 18, and 45, dominated in all adenocarcinomas and together accounted for 94.1% of HPV-positive tumors. HPV16 was the most common and was found in 50.9% of HPV-positive cases, followed by HPV18 (31.6%) and HPV45 (11.6%). Other HPV types including HPV31, 51, 59, 33, 35, 6, 30, 39, 53, 68, or 73 were found in lower proportions and except for one case HPV30 identified in not otherwise specified adenocarcinomas, all these other HPV types were detected in the classic histological subtype.
Discussion
The study represents the largest and the broadest analysis of HPV prevalence and type distribution in different subtypes of cervical adenocarcinoma to date. We were able to collect 682 tumor cases from 5 continents. The overall prevalence of HPV was 62.8% for all adenocarcinoma cases together; however, the prevalence showed variation depending on histologic tumor subtype, geographical region, patient age, and sample storage time. There were several prior studies examining HPV positivity in cervical adenocarcinomas in western countries including USA, 4, 5 South Korea, 3, 6 The Netherlands, 7 and Italy, 8 but the data from Eastern Europe, Africa, Latin America were scarce. The only prior multicontinental study was conducted by IARC 9 and consisted of cases from North Africa, South America, and Southeast Asia. The overall HPV prevalence in that study was reported as 93% (n ¼ 157 cases); however, the study combined adenocarcinomas with adenosquamous carcinomas which accounted for one-third of all cases. The study of Castellsagué et al did not identify regional differences in overall HPV positivity. In two studies from South Korea, the overall HPV positivity was 88.5% (n ¼ 113 cases) and 90.3% (n ¼ 196 cases), respectively. 3, 6 In a study from the Netherlands, the overall positivity was reported at 94% (n ¼ 77 cases). 7 Several factors may be contributing to our lower rate of HPV detection. The aging of the paraffin-embedded tissue samples and differences in regional tissue fixation protocols with use of nonbuffered formalin may be significant factors for decreased HPV detection. We have observed a significantly lower HPV detection in cases stored over 30 years and in cases acquired from nonwestern countries, and similar trend but to a lesser degree was also seen in our reference group of squamous cell carcinomas. Prior study of HPV detection in adenocarcinomas has identified that use of formalin-fixed tissue may yield a lower HPV detection rate as compared with fresh-frozen tissue. 10 HPV detection in adenocarcinomas poses a difficult technical problem due to the relatively low viral load in this type of malignancy. Glandular epithelium does not support productive HPV infection and therefore there is no accumulation of replicated episomal HPV DNA in the infected cells, and only a low copy number of HPV DNA is present integrated into the cell genome. 4, 11 This is in contrast to squamous cell carcinomas, in which malignant squamous epithelium supports viral replication. As a result, a high copy number of replicated episomal HPV DNA along with integrated virus is present in the infected cells. These may be the reasons why, historically, the reported prevalence of HPV in squamous cell carcinomas was significantly higher than in adenocarcinoma. 12 Aside from the technical aspects that may affect HPV detection in adenocarcinomas, there may be actual geographical variability of HPV positivity in adenocarcinomas. Future prospective studies with standardized tissue procurement will be able to address this issue in more detail. In our study, we have performed a consensus histopathologic review of adenocarcinoma cases with subtyping according to a simplified scheme of WHO adenocarcinoma classification. HPV showed high prevalence in classic cervical adenocarcinoma (71.8%) and much lower prevalence in rare histologic subtypes of adenocarcinoma with range from 27.3% in the endometrioid subtype to 8.3% in the minimal deviation cases. These results are consistent with findings from prior small series. Recent study of unusual variants of adenocarcinoma found no HPV DNA in a group of cases including clear cell (n ¼ 9), gastric type (n ¼ 11), minimal deviation (n ¼ 3), mesonephric type (n ¼ 1), except a single case of serous adenocarcinoma positive for HPV16. 13 Houghton et al 14 reported no HPV detection in four clear cell, three minimal deviation, and three mesonephric adenocarcinomas, and positive amplification of HPV16 in a single case of serous adenocarcinoma. In a study by Pirog et al, 4 HPV DNA was not detected in any of four clear cell, two minimal deviation, one serous, and one mesonephric adenocarcinoma. The limitation of all these prior studies was low number of cases available for testing. Our current study is the largest to date report of HPV DNA detection in unusual adenocarcinoma variants and our results clearly indicate that pathogenesis of majority of these tumors is not related to HPV infection.
The pathogenesis of HPV-negative endocervical adenocarcinomas has not been yet elucidated. Minimal deviation and gastric type adenocarcinoma were shown to arise from a common precursor referred to as lobular endocervical glandular hyperplasia. 15 Approximately 10% of minimal deviation adenocarcinomas are associated with Peutz-Jeghers syndrome and mutation of the STK11/LKB1 gene. 16 In the past, cervical clear cell carcinomas were linked to diethylstilbestrol exposure in utero; however, these tumors still rarely develop despite diethylstilbestrol discontinuation. Characteristically, this type of malignancy may present in very young subjects, as seen also in our study, suggesting possible developmental factors, paralleling diethylstilbestrol effects. 17 Serous adenocarcinoma of the cervix in younger patients was described in familial ovarian cancer syndrome. 18 Further, it has been described that over 90% of cervical serous cancers are positive for p53 immunostain, 19 and therefore it is plausible that these tumors may develop similarly to endometrial serous carcinomas, as a result of p53 gene mutation in tubal-type epithelium.
Misclassification of tumor variants may confound the results of HPV testing in cervical adenocarcinoma. Precise tumor subclassification, such as differentiation of serous histological subtype from classic or minimal deviation from classic and clear cell, is often challenging due to overlapping morphologic features and results in, at best, moderate interobserver agreement. 20 In our study, we established the final histologic diagnoses for the cases in a multistep consensus review. The difficulty was that for each case there was only one most representative tumor section available from the contributing institutions and the diagnosis had to be based on one slide selected by the referring pathologist. A follow-up study with immunoprofiling and laser-capture microdissection 21 of a subset of adenocarcinoma cases is being planned.
The finding of HPV negativity of unusual variants of endocervical adenocarcinoma has implications for the diagnosis and prevention of cervical adenocarcinoma, especially in the context of recent introduction of HPV testing and HPV vaccines. Fortunately, unusual variants of cervical adenocarcinomas are relatively rare. In the current study, they accounted for 17% of cases. Prior studies identified unusual adenocarcinoma subtypes in 11-16% of cases. 4, 13, 22 HPV testing and vaccination will not cover most of these rare tumor variants, as well as some small proportion of classic adenocarcinomas. Cytologic screening is currently the only available screening method for these tumors. However, it is important to highlight that cytology poorly captures glandular lesions thus in addition to the low prevalence of these unusual types of adenocarcinomas, the diagnostic yield of cytologic screening is low.
Another observation in our study was that higher age at diagnosis of adenocarcinoma correlated with lower prevalence of HPV DNA. Similar trend was also seen in squamous cell carcinoma. The cause for this is uncertain. One may speculate that if the tumors in older patients had longer duration, HPV DNA may have been lost during tumor progression; alternatively, these tumors may have developed independently of HPV. The tumors in older patients may develop along different, non-HPV-dependent pathogenetic pathways, like it is seen for example in vulvar cancers.
HPV genotyping analysis carried out in our study showed a relatively narrow spectrum of HPV types present in adenocarcinoma cases. Three HPV genotypes, HPV 16, 18, and 45, accounted for 94.1% of HPV-positive cases. HPV types included in the vaccines (HPV16/18) were detected in 82.5% of HPV-positive cases. The ratio of HPV16 to HPV18 was 1.6. In the prior studies that examined the spectrum of HPV genotypes in adenocarcinomas, HPV16 and HPV18 together accounted for 75.7-94.8% of cases, with an average of 89.8%. [4] [5] [6] [7] 9 While the percentage of combined HPV16 and HPV18-positive cases showed relative consistency between the studies, the ratio of HPV16 to HPV18 showed a significant variation. And thus some studies recorded marked HPV16 predominance 5, 9 while some reported HPV18 predominance. 3, 7, 9 In a pooled analysis of 85 studies which included results on 1508 of combined adenocarcinomas and adenosquamous carcinomas 12 HPV18 was found to be more common than HPV16 in Europe, Asia, and North America; however, this result is influenced by inclusion of adenosquamous carcinomas that are known for their association with HPV18. The relatively narrow spectrum of HPV genotypes detected in adenocarcinomas is very promising for the high efficacy of current prophylactic vaccination programs. The bivalent Cervarix HPV vaccine targeting HPV16 and HPV18 has been also shown to offer cross-protection against type HPV45, HPV31, and HPV33 leading to an estimated protection of 93.2%. 23 The quadrivalent Gardasil HPV vaccine does not appear to have a significant protective effect against type 45 but reduces infections with types HPV31, 33, 52, 39, 59, 35, and 58. 24 In addition, a 9-valent HPV vaccine is currently under development and this vaccine will cover HPV16/18/31/33/45/52/58/6/11 offering a potential reduction close to 90% of invasive cervical cancer burden under a viral efficacy of 495%. 25, 26 Our results indicate that current and future HPV vaccines may prevent over 82% of HPV-positive adenocarcinoma cases.
Regarding potential HPV detection by the available HPV DNA screening tools, we have estimated the relative contribution and prevalence of HPV DNA targeted types by each of the FDA-approved tests (ie, Hybrid Capture 2, Cervista and Cobas 4800) in overall adenocarcinomas and in the different histological subtypes. The targeted HPV types are 13 high risk for Hybrid Capture 2 (HPVs 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, and 68), and 14 for Cervista and Cobas 4800 (ie, adding HPV 66 to the previous list of 13 types). The detection rate of cases among HPV DNA-positive adenocarcinomas would be over 97%, except for the not otherwise specified adenocarcinoma in which the detection would be of 80%. If we take into account all the analyzed cases (prevalence), HPV screening would detect 61.3% of all the adenocarcinomas, 70% of the classic type, followed by the endometrioid subtype (27.3%), serous (25%), clear cell (20%), not otherwise specified (11.1%), and none of the two mixed cases (serous and clear cell).
Based on the results of the current study 37% of all adenocarcinomas and 28% of the classic subtypes are HPV DNA negative and with recent estimates that adenocarcinomas accounts for about 10% of cervical cancer globally we would estimate up to 3-4% of total cervical cancers to not contain HPV DNA and therefore could potentially be missed by HPV testing or not prevented by vaccination. The figures of 3-4% comply with the statement that virtually all cervical cancer cases are due to HPV infection 27 and should not alter current views and preventive or clinical routine recommendations.
The limitation of our study is a use of a whole tissue section for HPV detection. The tumors were not microdissected before DNA extraction and therefore the results may be biased by detection of HPV present in the adjacent squamous epithelium or cervical mucus. As mentioned before a study with laser-capture microdissection and immunohistochemistry of the tumor tissue is being planned as a follow-up to the current study. The strengths of the study include multi-institutional consensus review of the cases and use of highly sensitive assays for HPV detection. Robust statistical methods were used to adjust the prevalence rates of the variables that were previously reported to affect the results. This detailed evaluation of the adenocarcinoma histological subtypes has allowed us to identify a group of rare subtypes largely unrelated to HPV. The classic adenocarcinoma showed a high HPV DNA detection rate. However, even in this group of tumors we still found a small proportion of HPVnegative cases. The results of our study may be of value for formulation of recommendations pertaining to second-generation polyvalent HPV vaccines. In addition, our findings underscore the importance of HPV types 16, 18, and 45 in type-specific highrisk HPV DNA-based screening tests. received occasional lecture fees from GlaxoSmithKline, Merck, Sanofi Pasteur MSD, and Qiagen; and unrestricted grants through the Institution to conduct epidemiological and HPV vaccine studies from GlaxoSmithKline, Merck, Sanofi Pasteur MSD, Qiagen, and Roche. LA has received occasional travel fund to attend scientific meetings from Merck and Sanofi Pasteur MSD. SdS has received occasional travel fund to attend scientific meetings from Merck, Sanofi Pasteur MSD, and Qiagen; and unrestricted grants through the Institution to conduct epidemiological studies from GlaxoSmithKline and Merck.
